We report direct evidence of the role of stoichiometry of one-dimensional indium oxide ͑IO͒ nanostructures grown by vapor-phase evaporation method on the ethanol gas sensing properties. The stoichiometric crystalline In 2 O 3 nanowires grown under oxidizing ͑water͒ ambient exhibit about two orders of magnitude higher sensor response value of 281 in comparison to nonstoichiometric ͑In/O ϳ0.75͒ nanotubes grown under reducing ͑ethanol͒ ambient in presence of 1000 ppm ethanol gas at 300°C. We propose that for a stoichiometric IO nanowire, Debye region completely depletes the nanowire from free charge carriers which results in a significant increase in the sensor response. © 2010 American Institute of Physics. ͓doi:10.1063/1.3371717͔
Metal oxide semiconductor gas sensors are the most promising devices among the solid state chemical sensors because of their small dimensions, low power consumption, high sensor response, low detection limit, and high compatibility with microelectronic processing. 1 The gas sensing mechanism of oxide sensors is mainly attributed to the oxidation/reduction ͑redox͒ properties which are controlled by the surface. In case of bulk and thin film oxides, changes in grain size, porosity, thickness, voids, and stoichiometry affect the gas sensing properties. [2] [3] [4] In case of nanostructures, it is possible to control the crystallinity and stoichiometry during the growth process which allows for the manipulation of these crucial parameters that control the gas sensing properties. The morphology and size of the oxide nanostructures has also been reported to play an important role in determining the gas sensing properties. Any change in surface chemistry may directly affect the gas sensing properties of one-dimensional ͑1D͒ nanostructures. 5, 6 Indium oxide ͑IO͒ has been suggested as a highly sensitive gas sensor toward target gases, such as, NH 3 , 7 CO, 8 NO 2 , 9,10 H 2 , 11 and H 2 S 12 and is selected as prototype metal oxide for gas sensing applications.
This letter describes the role of In and O stoichiometry on the gas sensing properties of 1D crystalline IO nanostructures. Surprisingly, the stoichiometric In 2 O 3 nanowires grown under oxidizing water ambient exhibit a sensor response that is nearly two orders of magnitude higher in comparison to nonstoichiometric In 2−x O 3 nanotubes which are grown under reducing ethanol gas conditions.
The growth of 1D crystalline IO nanostructures has been discussed in detail elsewhere. 13 In brief, a mixture of IO and carbon ͑1:1͒ powder was used as a precursor and heated at 1000°C. A small reservoir ͑5-10 mL͒ of water and ethanol was placed in low temperature region ͑ϳ65°C͒ in the upstream direction for the growth of IO nanowires and nanotubes, respectively. Silicon substrates coated with about 5 nm of gold film were placed downstream at a temperature of 960°C. For all of the growth experiments described here, the temperature ͑960°C͒, the Ar gas flow rate ͑200 mL/ min͒, the substrate ͑5 nm Au coated with Si͒, and the deposition time ͑1 h͒ were maintained as a constant. The surface morphology of the resulting nanostructures was characterized using scanning electron microscopy ͑SEM͒. The stoichiometry of IO nanostructures was examined by scanning transmission electron microscopy ͑STEM͒ equipped with energy dispersive x-ray ͑EDX͒ measurements. For precise measurements, STEM scans of nanowires were acquired after each EDX data collection and the experiment was repeated three times. The electron paramagnetic resonance ͑EPR͒ spectroscopy measurements were performed on a custombuilt X-band cw/pulsed EPR spectrometer ͑Bruker Instruments͒ operating at a frequency of 9.383 GHz and equipped with a TE 102 microwave resonator. Typically, four scans were collected for each spectrum under non-saturating conditions at a microwave power of 3.13 mW. The spectra were acquired at a modulation frequency of 100 kHz with modulation amplitude of 1 G. The center field of the EPR scans was set to 3350 G with a sweep width of 100 G. For the gas sensing measurements, the interdigitated Au electrodes were thermally evaporated and gas sensing measurements were performed in the presence of 1000 ppm ethanol. The sample was mounted on a PID-controlled heater with a temperature accuracy of Ϯ1°C. In the present study, sensor response is defined as the ratio of resistance in air to that in the reducing gas ͑R air / R gas ͒, where, R air is the electrical resistance of sensor in air and R gas is the electrical resistance in sensing gas ambient. The response time is defined as the time required in reaching 90% of the saturated value of resistance in the presence of sensing gas.
The GAXRD study ͑data not shown͒ of the IO nanostructures confirms the presence of a cubic In 2 O 3 phase with a lattice constant a = 1.011 nm. Figure 1͑a͒ displays the SEM micrographs of IO nanowires that were grown in the presence of oxidizing ͑water͒ ambient. These IO nanowires are as long as 5 to 12 m with a diameter of 65Ϯ 15 nm. The nanostructures that were grown in the presence of ethanol were observed to have tubular geometry as shown in Fig.   a͒ Authors to whom correspondence should be addressed. Electronic addresses: brmehta@physics.iitd.ac.in and jpsingh@physics.iitd.ac.in.
1͑b͒. The IO nanotubes have a length of 2 -7 m and a diameter in the range of 40-250 nm. The water or ethanol vapors change the partial pressure of the reaction species, such as, oxygen and indium during the growth of IO nanostructures. This is found to be an important factor in determining the morphology of the IO nanostructures. 13 The typical gas sensing response of IO nanowires and nanotubes for 1000 ppm ethanol at 300°C is shown in Fig.  2͑a͒ , where "ON" refers to the inclusion of ethanol in the artificial air and "OFF" refers to the suspension of the ethanol supply. The sensor response of IO nanowires and nanotubes for ethanol gas are 281 and 3.7 with response time of 12 s and 20 s, respectively. The sensor response and the response time of IO nanowires and nanotubes were measured as a function of the sample temperature ͓shown in Fig. 2͑b͔͒ . The sensor response of IO nanowires and IO nanotubes increases from 8 to 281 and 1.1 to 3.7, respectively, as the sample temperature increases from 142 to 300°C. Whereas, the response time decreases from 341 s to 12 s for IO nanowires and from 50 s to 20 s for IO nanotubes with an increase in the sample temperature from 142 to 300°C. The nanowires display better sensor response with lower response time in comparison to the IO nanotubes. The sensor response is nearly two orders of magnitude higher for IO nanowires than the IO nanotubes. This is despite the fact that both structures have comparable dimensions. This study unambiguously establishes that there are factors other than the morphology that play a crucial role in determining the gas sensing properties of IO nanostructures.
In order to understand the enhanced gas sensing behavior of IO nanowires, we conducted detailed EDX and EPR spectroscopy analyses of both IO nanowires and nanotubes.
The In/O atomic concentration ratios for IO nanowires and nanotubes were determined along their length using STEM-EDX in the nanoprobe mode. The results indicated that the nanowires were found to be stoichiometric with an average value of In/O atomic concentration ratios of 0.62. While, IO nanotubes were found to nonstoichiometric with an average value of In/O atomic concentration ratios of 0.75. The presence of oxygen vacancies in IO nanowires and IO nanotubes was investigated by EPR spectroscopy as shown in Fig. 3͑a͒ . Interestingly, IO nanowires do not display an EPR signal while IO nanotubes reveal an EPR signal at g = 2.0025 which corresponds to the presence of oxygen vacancies. 14 In our previous EPR investigations, we have observed that the IO nanostructures grown in the absence of additional oxygen possess an oxygen deficiency. 14 The presence of water vapors during the growth process assists in maintaining the IO stoichiometry close to In 2 O 3 throughout the length of the nanowires. 13 The presence of reducing ethanol gas makes the growth ambient rich in In vapors which results in the growth of oxygen deficient IO nanotubes. Mohagheghi et al. 15 have previously reported the growth of intrinsic IO thin film by spray pyrolysis and have estimated a carrier concentration of ϳ10 16 cm −3 using Hall measurement. In an another study, IO nanowires were grown carbothermally in the absence of oxidizing ambient conditions and the carrier concentration for a single IO nanowire was determined as ϳ10 17 cm −3 . 16 In present study, IO nanowires were grown in the presence of an extra source of oxygen which helps in maintaining the correct stoichiometry. Therefore, a carrier density of Յ10 16 cm −3 can be safely assumed for the IO nanowires in this study. In case of IO nanotubes, since the growth was performed in the presence of ethanol, which makes the reaction species rich in In and deficient in oxygen, we expect an increase in the charge carrier density. We have estimated a carrier concentration value of Ն10 20 cm −3 using a temperature dependent EPR spectroscopy study of IO nanotubes. 14 Gas sensing is a surface property and the electron exchange between the surface states and bulk takes place within the surface layer with the thickness on the order of the Debye length, L D = ͓͑ 0 kT / e 2 n b ͔͒ 1/2 where , k, T, e, and n b are the dielectric constant, Boltzmann constant, temperature, electron charge, and charge carrier density, respectively. 17 Thus, the Debye length at constant temperature depends on the charge carrier density ͑L D ϰ 1 / ͱ n b ͒. The value of L D is calculated for nanowires and nanotubes sample which comes out to be 48 and 0.4 nm, respectively. It is interesting to note that the twice of the Debye length in case of IO nanowires is more than its average diameter ͑65 nm͒. Therefore, at a sample temperature of 300°C, the chemisorbed oxygen on the surface of IO nanowires completely depletes the conduction channel of nanowires and increases the electrical resistance. Figure 3͑b͒ depicts a schematic representation of the same. When these IO nanowires were exposed to ethanol sensing gas then the chemisorbed oxygen is removed. This restores the width of the conduction channel of IO nanowires and results in a decrease in its electrical resistance. There are several reports in literature on the gas sensing properties of metal oxide nanowires. For example, Xiangfeng et al. 18 have reported the sensing response of IO nanowires as 25.3 for 1000 ppm ethanol at 370°C. These IO nanowires were grown by carbothermal reduction of IO powder at high temperature and have diameter in the range of 60-160 nm and length of several microns. In another report, a sensor response of 90 was observed at the sample temperature of 400°C for indium-doped tin oxide nanowires with similar dimensions in the presence of 1000 ppm ethanol gas. 19 Li et al. 20 have reported that ZnO nanostructures grown by wet chemical method are excellent ethanol gas sensor with a response of 100 at 300°C for 1000 ppm ethanol gas. It is important to note that the sensor response for all the above reports is much lower than the sensor response of 281 for stoichiometric IO nanowires in presence of 1000 ppm ethanol at 300°C as reported in the present study. For all of the above studies, growth of IO nanostructures were performed in absence of any external source of oxygen which resulted in oxygen deficient metal oxide nanostructures. 18, 19 As demonstrated in this study, growth of the IO nanowires in presence of water results in stoichiometric IO nanowires. This leads to the construction of an excellent ethanol gas sensor with high sensor response of 281. In the case of IO nanotubes, as shown in Fig. 3͑c͒ , the Debye length of 0.4 nm does not provide leading control in the change of surface conductivity upon ethanol exposure and hence exhibits a poor sensor response.
In conclusion, we demonstrate that the In and O stoichiometry can control the gas sensing properties of 1D IO nanostructures. The stoichiometric In 2 O 3 nanowires gas sensor with In/O atomic concentration ratios of 0.62 exhibits a much higher sensor response value of 281 with correspondingly lower response time of 12 s. This is in contrast to nonstoichiometric In 2−x O 3 nanotubes with In/O atomic concentration ratios of 0.75 which display comparatively poor sensor response value of 4 with a higher sensor response time of 20 s at 300°C in the presence of 1000 ppm ethanol gas. 
